Riparian buffers in North America usually have been designed to mitigate specific land-use impacts on watercourses, and thus often fail to preserve the full range of riparian ecological functions (e.g. wildlife habitat). This paper reviews the unique ecological characteristics of riparian areas in an attempt to formulate a widely applicable buffer delineation capable of maintaining most riparian ecosystem services.
A number of studies recommend riparian widths in excess of those prescribed by local buffer guidelines, particularly to sustain wildlife species (see reviews by Semlitsch & Bodie, 2003; Marczak et al., 2010) . However, the wider the buffer is, the less it will gain acceptance because of its encroachment on human activities, particularly in the case of small land owners for whom the buffer can represent a large proportion of their property. This consideration has resulted in the proposal of variable-width buffers where the width depends on a variety of biophysical parameters (e.g. Haberstock et al., 2000; Creed, Sass, Wolniewicz, & Devito, 2008) and is at its widest only where it is deemed necessary for the particular conservation goal. However, the implementation of variable-width approaches rely on expert knowledge and detailed land surveys (e.g. species census, soil type determinations, terrain slope measurements, etc.). They are therefore costly, time-consuming, and difficult to enforce (O'Laughlin & Belt, 1995; Phillips et al., 2000) . Moreover, variable-width buffer guidelines tend to have limited objectives (e.g. species-specific) as their complexity greatly increases with the number of parameters to be considered (Lee et al., 2004) . Fixed-width buffer prescriptions are likely to continue to endure because they are simple to implement with a minimum of training and expense, and they have the potential to preserve a wide variety of riparian functions if adequately formulated. Unfortunately, the complexity and spatial variability of aquatic and riparian ecosystems make it difficult and time-consuming to evaluate in the field the efficacy of buffer prescriptions for their diverse goals (Richardson et al., 2012) . However, these field studies have greatly advanced our knowledge of the structure and functions of riparian ecosystems.
In the light of this improved understanding of riparian ecology, we re-visit the topic of riparian buffer definition in an attempt to formulate general guidelines that may better achieve the multiple goals of riparian conservation than the widespread 30-m or less partial harvest buffer prescriptions. Our approach is based on the concept that a riparian buffer should encompass the land interacting the most with the watercourse in order to preserve the range of riparian functions responsible for maintaining aquatic ecosystem health and riparian biodiversity. We propose to formulate the riparian buffer on the basis of the biophysical and ecological characteristics unique to natural riparian areas on the premises that they represent the extent of influence of the terrestrial ecosystem on the aquatic ecosystem and vice versa. To this end, the paper reviews the present knowledge of the relationships between aquatic and terrestrial ecosystems at the riparian interface. This review is framed in the context of the three components of riparian buffer definition: (1) identification of the land-water boundary, (2) determination of the buffer width measured from this boundary, and (3) regulation of land use in the buffer. To illustrate the proposed buffer delineation we apply it to a watershed in the Acadian forest of Nova Scotia, Canada, using a Geographic Information System (GIS). With this quantitative geospatial analysis, we compare the proposed buffer delineation method with current provincial buffer regulations and forestry practices in terms of land area and timber harvest sequestered in the buffer.
Riparian Buffer Definition

Land-Water Boundary
Riparian zones are "transitional between terrestrial and aquatic ecosystems and are distinguished by gradients in biophysical conditions, ecological processes and biota" (NRC, 2002) ; in other words, they constitute the riparian ecotone (Palik, Zasada, & Hedman, 2000; Verry, Dolloff, & Manning, 2004) (Figure 1 ). In such a transitional zone, it is difficult to identify precisely the land-water boundary which, for practical reasons, is the reference for delineating riparian buffers. The difficulty in defining the land-water boundary is undoubtedly one of the causes for the apparent lack of consistency in guidelines. The name of the water body (e.g. stream, lake) may be the only definition of the water edge available in some guidelines. Even with intuitive terms such as "lake", the water's edge may not be easy to determine as it can change position considerably with seasons. For example, Nova Scotia's Wildlife Habitat and Watercourses Protection Regulations (hereafter called Nova Scotia regulations) define "watercourse" as "the bed and shore of a river, stream, lake, creek, pond, marsh, estuary or salt-water body that contains water for at least part of each year" (Government of Nova Scotia [GNS], 2003) . Although this definition recognizes the intermittent nature of some water bodies, "contains water" does not clearly define the water's edge.
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Instead of defining the watercourse as a collection of water bodies, a more consistent method is to define the extent of the watercourse in terms of "high water mark" (Naiman, Décamps, & Pollock, 1993; Ilhardt, Verry, & Palik, 2000) (Figure 1 ), also called "bankfull flow or elevation" in the case of rivers (O'Laughlin & Belt, 1995; Verry et al., 2004) . This approach has been shown to be applicable to a wide variety of stream types across North America, where bankfull elevation is reached every 1 to 2 years (United States Department of Agriculture [USDA], 2008) . For clarity, we use "water core" to designate the extent of the watercourse at high water mark. The water core includes most of the low-lying areas along river channels or lakes such as wetlands or lateral channels. Indeed these low-lying areas can be considered an integral part of the water course because they store water during flood times (Wenger, 1999; Mitsch & Gosselink, 2000) and are instrumental in replenishing the groundwater aquifer and in feeding the main channel or lake during drier periods (Luke, Luckai, Burke, & Prepas, 2007; Creed et al., 2008) (Figure 1 ).
Defining the water core to be buffered on the basis of the high water mark eliminates the need to describe the different water bodies or wetlands, which can be quite complex, and recognizes the intrinsic lateral and longitudinal continuum of the watercourse (Pringle, 2001; Décamps, 2011) , where all connecting water bodies are interdependent and have ecological value. This is in contrast with some guidelines that assign different buffer widths and/or land-use restrictions to different types of water body (Blinn & Kilgore, 2001; Lee et al., 2004) . For example, lakes often receive a lower level of riparian protection than streams, even though they are valuable habitat for both aquatic and riparian species and are an integral part of a region's watercourses (Bolgrien & Kratz, 2000; NRC, 2002; Naiman & Latterell, 2005) .
Riparian buffer guidelines commonly assign a lower level of protection (or none) to small streams, most often headwater streams (Young, 2000; Lee et al., 2004; Olson et al., 2007 ). Yet, headwater streams are increasingly recognized as an important determinant of downstream ecological conditions because they control the supply of energy, nutrients, sediment, and organic matter to downstream reaches (Gomi, Sidle, & Richardson, 2002; Meyer et al., 2007a; Richardson & Danehy, 2007) . In particular, headwater streams have a strong influence on food availability for fish and other vertebrates even if they are not fish-bearing themselves (Naiman & Latterell, 2005; Wipfli, Richardson, & Naiman, 2007) . Moreover, streams of lower order, which represent the majority of stream length (Lowe & Likens, 2005; Meyer et al., 2007a) and drain the largest proportion of the watershed area (Gomi et al., 2002 , Wipfli et al., 2007 provide diverse and unique habitat for aquatic and riparian species, particularly amphibians (Richardson, Naiman, Swanson, & Hibbs, 2005; Meyer et al., 2007b; Olson et al., 2007; Richardson & Danehy, 2007) . Lowe and Likens (2005) define a headwater stream as "beginning where water flowing overland first coalesces to form a discernible channel", but there is no consensus on what is the size of a "small" stream. Some guidelines define the watercourse on the basis of maps of a given scale, but some common mapping scales cannot resolve all ecologically significant small streams, or these streams are not always visible on the aerial photos on which maps are based, especially in forested landscapes (Meyer et al., 2007a; Brooks & Colburn, 2011) . Headwater stream definition may be based on stream order or area drained (e.g. less than 1 km 2 , Gomi et al., 2002; Meyer et al., 2007a ) but these also depend on accurate mapping. "Non-fish-bearing" is often used to designate small streams, most often headwater streams, in a number of riparian guidelines (Young, 2000; Lee et al., 2004) , but the absence of fish can be due to other characteristics than stream size, or to human disturbances (Olson et al., 2007) . Mean annual discharge is another parameter used to define headwater streams (Young, 2000; Olson et al., 2007) and a threshold of 57 L·s -1 has been proposed (Richardson & Danehy, 2007) . However, water discharge is not easily measured by landowners and many measurements are necessary to obtain a representative mean annual value.
The width of a stream channel is one of the easiest parameters for anyone to measure. Richardson and Danehy (2007) suggest that the best-accepted definition of headwater streams is based on a width of less than 3 m. Guidelines in Oregon, British Columbia, and Alberta use threshold widths of 1.5 m, 0.6 m, and 0.5 m respectively (Young, 2000; Creed et al., 2008) . In Nova Scotia, the watercourse protection regulations apply to streams wider than 0.5 m, whereas for smaller streams a vehicle-exclusion zone 5-m-wide is required (GNS, 2003) .
Although a specific minimum stream size is necessary to formulate unequivocal buffer guidelines, it is bound to be somewhat arbitrary as there is a continuum between what might be intuitively called a stream and a mere concentrated run-off during a strong rainfall (Meyer et al., 2007a) . In the absence of a clear consensus, we propose that the water core to be buffered include stream channels above 50 cm in width at bankfull elevation, to include at least a portion of "small" streams.
The proposed delineation of the water core can be applied easily in the field without the need for specialized training or complex surveys. Ideally the high water mark should be determined at the time of year when water discharge is highest, provided that the particular year is not one of unusually low peak flow. Other on-the-ground observations can reveal the high water mark at other times, such as plant debris accumulation on beaches along the highest water level reached, the limit of lichen growth on shoreline rocks, or conspicuous vegetation changes such as the dominance of hydrophytes characteristic of water-logged soils (Harrelson, Rawlins, & Potyondy, 1994; Mitsch & Gosselink, 2000; NRC, 2002) . Illustrated examples of determination of bankfull elevation for a wide variety of stream types are provided by the Stream Systems Technology Center (USDA, 2008) of the US Forest Service.
Buffer Width
The land-water boundary defined above lays somewhere within the riparian ecotone. For clarity we reserve the term "riparian area" to designate the terrestrial part of the ecotone, uphill from the land-water boundary (i.e. the high water mark, Figure 1 ). As such, the riparian area is the land that "significantly influences exchanges of energy and matter with aquatic ecosystems" (NRC, 2002) . Preserving this critical land implies setting a buffer width similar to that of the riparian area, measured from the same land-water boundary. To estimate the riparian area width we consider the spatial extent of the fundamental riparian functions and attributes: (1) the processes that affect the watercourse; (2) the influence of the water course on the adjacent land, i.e. edge effects distinguishing the riparian area from uplands; and (3) the habitat range of water-dependent wildlife that, like the two previous attributes, drives the exchange of matter and energy between land and water.
Riparian Area Influence on the Watercourse
It is now well established that water quality and aquatic habitat -not only for fish but the entire trophic chainare strongly dependent on soil and vegetation bordering the watercourse (NRC, 2002; Pusey & Arthington, 2003; Naiman, Décamps, & McClain, 2005; Neary, Ice, & Jackson, 2009 ). The benefits of native riparian vegetation for the aquatic ecosystem, well covered in the literature and summarized in Table 1 , are the object of most riparian buffer guidelines. The particular importance of riparian trees is witnessed by the fact that sometimes riparian buffers are expressed in terms of tree height (Forest Ecosystem Management Assessment Team [FEMAT], 1993; Ilhardt et al., 2000; Young, 2000) . A width of one tree height -ranging from 30 m in eastern North America to 50 m in the west -is estimated to provide most of the coarse woody debris and litter to the watercourse, enough shade to prevent significant warming of its water, and the root system necessary to stabilize its banks (FEMAT, 1993; Reid & Hilton, 1998; Young, 2000; Moore, Spittlehouse, & Story, 2005; Muto, Kreutzweiser, & Sibley, 2009) (Figure 2a) . One tree height is consistent with reviews indicating that treed buffers on the order of 30 m are responsible for the majority of these riparian functions (Broadmeadow & Nisbet, 2004; Lee et al., 2004; Groom, Dent, Madsen, & Fleuret, 2011) . Coarse woody debris provision, shading, and bank stabilisation were the main goals of the early riparian buffer guidelines, explaining the widespread use of 30 m as a benchmark width. The efficacy of riparian buffers -both retention buffers in forestry and more managed vegetated strips in agriculture -to sequester sediment particles, nutrients, and contaminants has been the object of many studies. Results in terms of buffer width are quite variable, which is to be expected considering the many factors involved, such as soil characteristics, type of riparian vegetation, chemical reactions (e.g. denitrification), and water flow paths in the riparian area, to mention only a few (Wenger, 1999; Luke et al., 2007; Neary et al., 2009 ). Nonetheless, reviews on the subject agree that a 30-m width is, in many cases, adequate to maintain water quality and control the bulk of anthropogenic fluxes of sediment, nutrients, and contaminants into watercourses (Wenger, 1999; Broadmeadow & Nisbet, 2004; Lee et al., 2004; Zhang et al., 2010) . 
Contrasts Between Riparian Area and Upland
Because of the proximity of water, the natural riparian area is characterized by gradients of soil and air microclimate parameters, ranging from aquatic edge to upland (e.g. forest interior) values (Rambo & North, 2008) . Generally, the steepest gradients in soil moisture, soil temperature, and light penetration occur within a distance of one tree height, whereas significant air humidity and temperature changes may extend further (FEMAT, 1993; Moore et al., 2005) (Figure 2b ). Field studies show that in natural settings (undisturbed control sites), microclimatic gradients are strongest within 10 to 20 m of the water's edge and disappear at distances of 30 to 60 m from the water (Olson et al., 2007; Rambo & North, 2008 and references therein).
A few North American studies have attempted to estimate riparian area width on the basis of vegetation differences. Plant species assemblages and forest structure (e.g. woody debris abundance, size and density of trees) distinct from upland vegetation have been observed within 5 m to 40 m of shorelines of streams and lakes (Spackman & Hughes, 1995; Quinby, Willott, & Lee, 2000; Harper & Macdonald, 2001; Hagan, Pealer, & Whitman, 2006; Clinton et al., 2010) . In support to these North American observations, changes in vegetation along streams in cool temperate forest sites of Australia were mostly within 55 m of the stream edge (Mac Nally, Molyneux, Thomson, Lake, & Read, 2008) . Vegetation characteristics being dependent on soil and air microclimate, it is not surprising that the spatial gradients of both match reasonably well and suggest riparian area widths of 40 to 60 m.
Riparian Areas as Wildlife Habitat
Buffers should be wide enough to provide adequate wildlife habitat not only for the sake of species conservation but also to preserve the integrity of the riparian area and the watercourse. It is increasingly recognized that wildlife is a major pathway of matter and energy exchanges between aquatic and terrestrial ecosystems (Naiman & Rogers, 1997; Moore, 2006; Richardson, Zhang, & Marczak, 2010) . Wildlife activities in the riparian ecotone (e.g. foraging, predation, burrowing, wallowing, damming) significantly affect nutrient cycling (Vanni, 2002; Baxter, Fausch, & Saunders, 2005; Ballinger & Lake, 2006) , water flow, chemistry, sediment dynamics, and morphology of the watercourse (Naiman, Pinay, Johnston, & Pastor, 1994; Naiman & Rogers, 1997; Butler, 2006; Moore, 2006) . For example, the North American beaver, Castor canadensis, not only affects the hydrology and sedimentation characteristics of the watercourse by building dams, but can have significant effects on the terrestrial vegetation composition and succession by cutting trees and flooding low-lying areas (Rosell, Bozser, Collen, & Parker, 2005 and references therein; Butler & Malanson, 2005; Donkor, 2007) . As a consequence, the beaver modifies the organic matter and nutrient storage and availability in streams (Naiman et al., 1994; Correll, Jordan, & Weller, 2000) , and creates habitat for many species of aquatic plants, invertebrates, fish, amphibians, birds, and mammals (See reviews by Rosell et al., 2005 and Stoffyn-Egli & Willison, 2011) . Indeed, removal of beavers can be viewed as a detrimental human disturbance of wetlands (Hood & Bailey, 2008) .
The adequacy of prescribed riparian buffers as habitat for the wide variety of species observed in riparian areas has been the object of many studies (see reviews by Semlitsch & Bodie, 2003; Marczak et al., 2010) . In general, they show that riparian buffers are important in reducing the impacts of human activities such as clear-cutting, but that local buffer guidelines often cannot sustain the same species composition and number of individuals as undisturbed sites, particularly for forest interior species (for examples, see Hannon et al., 2002; Vesely & McComb, 2002; Shirley & Smith, 2005) . Indeed, riparian buffers, being long and narrow areas, can hardly provide interior habitat. For example, Hannon et al. (2002) argue that a 100-m-wide buffer between a clear-cut and the lake shore is all edge habitat and suggest a width of 200 m to maintain the passerine bird community, and even more to preserve wider-ranging species. Yet, even a 200 m buffer will not capture all the ecological attributes of uplands habitats and cannot, by itself, be expected to support all terrestrial species observed in riparian areas, particularly the wide-ranging ones. However, riparian buffers should be wide enough to fulfil the terrestrial habitat needs of riparian obligate animals, such as the American beaver, for example. Riparian obligate wildlife is defined as freshwater-dependent species for which the terrestrial habitat immediately adjacent to the watercourse is indispensable to complete their life history (Richardson, 2004; Anthony, O'Connell, Pollock, & Hallett, 2003; Stoffyn-Egli & Willison, 2011) . Thus, inadequate protection of riparian habitat will eventually result in extirpation or extinction of riparian obligate species. In the context of riparian obligates conservation, the first author (P.S-E) undertook an extensive review of the terrestrial habitat requirements of riparian obligate animals in North America (Stoffyn-Egli & Willison, 2011) . This review shows that a riparian width of 50 m includes the terrestrial range of many species of invertebrates, amphibians, reptiles, birds and mammals, with the exception of moose and some wide-ranging amphibian species, which need upland as well as riparian habitat to complete their life cycle (Figure 2c ). Stoffyn-Egli and Willison (2011) conclude that a 50 m-wide riparian buffer (measured from the high water mark) in its natural state (intact native vegetation) is the minimum habitat area for supporting the majority of riparian obligate species.
In summary, the unique physical and biotic characteristics of riparian areas suggest that their width is commonly on the order of 50 m, at least in North America. This width spans (1) the estimated riparian width necessary to ensure the aquatic health of the watercourse, (2) a large part of the biophysical gradients (e.g. microclimate, vegetation) characteristic of the riparian area, and (3) the home range necessary to sustain the majority of riparian obligate species. Therefore, we propose that in order to preserve the multiple ecological functions of riparian areas, the riparian buffer should be at least 50 m on each side of the watercourse.
Numerous riparian buffer guidelines prescribe wider buffers with increasing terrain slope (Young, 2000; Blinn & Kilgore, 2001; Lee et al., 2004) . This practice has been justified by the fact that riparian buffers are viewed primarily as filters for nutrients, pollutants, and sediment, and the efficacy of such filters decreases with increasing slope (Wenger, 1999 ). Yet, this relationship with slope is difficult and complicated to capture in riparian buffer guidelines because the efficacy of a buffer depends on the combination of many factors such as type and thickness of soil, surface roughness, vegetation, precipitation regime, and climate as well as type of land use and nature of the pollutants (Wenger, 1999; de la Crétaz & Barten, 2007; Zhang et al., 2010) . Some of these factors can vary dramatically over short distances. In our approach where the buffer is meant to preserve land-water interactions, it is gently sloping land bordering the water, not steep slopes, that will interact the most with the aquatic ecosystem and be affected the most by the proximity of the watercourse and a shallow water table (Verry et al., 2004) . The proposed 50-m buffer width is measured uphill from the land-water boundary, and is a horizontal distance (i.e. map projection), not a slope length.
Land Uses
The discussion above emphasizes the essential role that vegetation plays in all aspects of riparian area ecological functions, thus implying that the native vegetation should be left intact in the buffer (e.g., no clear-cut or partial tree harvest) or allowed to regenerate to the point where the site-potential tree height is attained in the riparian buffer. Even partial vegetation removal can increase erosion risk and affect characteristics such as organic matter supply to the watercourse, temperature of the water, and microclimate in the riparian area, to mention only a few (England & Rosemond, 2004; Moore et al., 2005; Lecerf & Richardson, 2010; Groom et al., 2011) . Riparian areas cover a small proportion of the landscape while supporting a disproportionately large number of species (NRC, 2002) and constitute unique habitat indispensable to riparian obligates (Anthony et al., 2003; Stoffyn-Egli & Willison, 2011) . Therefore, the proposed 50-m-wide riparian buffer should be viewed as a "reserve" and an efficient way to conserve biodiversity, including plant species, while mitigating land-use impacts on the watercourse at the same time.
The inherent hydrological continuity of river networks is their most fundamental characteristic on which depends their ecological integrity (Pringle, 2001; Décamps, 2011) . The strong reciprocal linkages between aquatic and terrestrial ecosystems imply that continuity of the riparian area is necessary to maintain the health of the water course. Thus, continuity of riparian buffers, throughout agricultural and urban lands as well as forests, is crucial if the watercourse is to be protected from detrimental land uses (Crow, Baker, & Barnes, 2000; England & Rosemond, 2004; McComb, 2008) . A relatively small gap in the buffer can be an important source of contaminants or sediment (Rabeni & Smale, 1995; Weller, Jordan, & Correll, 1998; Wenger, 1999; Jones et al., 1999) , and the corresponding interruption of riparian functions can hamper watercourse continuity. For example, removal of shade due to riparian forest harvesting can create thermal barriers to fish migration if the stream water temperature exceeds the level fish can tolerate (Pusey & Arthington, 2003; Stanford, Frissell, & Coutant, 2006) . Moreover, buffers must be continuous to be effective terrestrial connectivity corridors (NRC, 2002; Anthony et al., 2003; Gillies & St. Clair, 2008) .
To ensure buffer continuity, uniform guidelines must apply to all land uses, not only forestry as is the case in a number of jurisdictions (Young, 2000; Lee et al., 2004) . High-impact land uses (timber harvest, agriculture, mining, industrial activities, residential development, extensive landscaping) should be excluded in the riparian buffer and others minimized (low-impact recreation, regulated fishing and hunting). Roads, bridges, and culverts should be designed to avoid barriers (e.g. elevation drops in culverts, interruption of natural shoreline by bridges) and water contamination by run-off from impervious surfaces (Wheeler, Angermeier, & Rosenberger, 2005) . Shoreline structures such as retaining walls, stabilizing berms, and flood control levees should be avoided as they impair the interactions between riparian area and the watercourse. For example, occasional flooding of the riparian area due to extreme events should not be prevented as it is an important factor in shaping and maintaining riparian biophysical characteristics, particularly vegetation composition and structure (Naiman, Latterell, Pettit, & Olden, 2008; Merritt, Scott, Poff, Auble, & Lytle, 2009) . Drainage tiles in agricultural settings and storm-water drains in cities often discharge water directly into the watercourse, bypassing the riparian area and its water filtration and purification functions (Paul & Meyer, 2001; Groffman et al., 2003) .
Application to the Upper Mersey River Watershed
To illustrate the proposed riparian buffer delineation and evaluate its economic impact on forestry, we applied it to a forested watershed in Nova Scotia, Canada (Figure 3 ), using geospatial analysis based on a geographic information system (GIS), and compared it to present streamside management practices in terms of land area and timber harvest. 
Study Area
The Upper Mersey River (UMR) watershed is located in Annapolis County, Nova Scotia. The area comprises all the headwaters of the Mersey River upstream of Kejimkujik Lake. The UMR flows directly into Kejimkujik National Park and National Historic Site (KNP, Figure 3) , and thus the ecological integrity of the park depends The UMR watershed rests on the granitic uplands of the South Mountain, which slope gently towards the southeast and are overlain by numerous drumlins of glacial origin (Nova Scotia Museum of Natural History, 1996) . Rocky barrens are common, as well as poorly drained areas such as treed and open bogs. The vegetation is typical of the Acadian forest modified by fire and repeated timber harvest. The dominant species are red spruce (Picea rubens), white pine (Pinus strobus) and, locally, eastern hemlock (Tsuga canadensis), whereas balsam fir (Abies balsamea) and black spruce (Picea mariana) are more abundant in poorly drained areas between drumlins. The most abundant non-coniferous species include red maple (Acer rubrum) and white birch (Betula papyrifera), followed by yellow birch (Betula alleghaniensis), sugar maple (Acer saccharum) and red oak (Quercus rubra) (Nova Scotia Museum of Natural History, 1996).
The tributaries of the UMR are low-order streams (1 to 4) with no flood plains, stream gradients are moderate to low, and lakes are abundant (Figure 3 ). Although dams (mostly wooden structures) were built in the past in relation to forestry activities (log flotation, saw mills), they do not exist today and the water flow in the UMR watershed is presently unregulated (McKendry, 2008) .
The major land use in the watershed is timber production for both the sawnwood and paper industries. At the time of the study, the Bowater Mersey Paper Company Limited (BMPC) owned and managed over 2/3 of the study area. Urbanization is low, mainly residences and cottages on the shores of a few lakes, and practically no agricultural activity is taking place in the watershed. Starting in the 1870s with fishing, hunting and canoeing, outdoor recreation is a strong tradition in the area (Nova Scotia Museum of Natural History, 1996).
GIS Data
Several spatial data layers were assembled and used in this study ( Table 2 ). The areal extent of the data layers was limited to the UMR watershed boundary upstream from Kejimkujik Lake. This boundary was corrected in several locations where it crossed small headwater streams; it was modified manually to pass through neighbouring highest elevation points using the elevation contours data. For the purpose of buffer area and timber capability calculations, the study area was limited to the south by the boundary of KNP (Figure 3 ), as park land is completely protected and buffer guidelines do not apply. Table 2) . Discharge rates for the Mersey River below Kejimkujik Lake indicate that in May 1986 and May 1987 (years the aerial photos were taken) the flow was average, with peak flow happening in early April (Environment Canada, 2006) . Therefore, the aerial extent of the open water bodies is probably slightly smaller than at high water mark, as the aerial photos were taken about a month after maximum flow on average years. Rivers narrower than 10 m are represented only in the stream network layer, and thus have no width per se as they are represented by lines in the database.
Reconnaissance of part of the UMR watershed was done by canoe in July 2005 and October 2008. Besides becoming familiar with the nature of local riparian areas, the goal was to get on-the-ground understanding of the wetland classification of the Forest Inventory Database (FID, Table 2 ). A total of 54 km of watercourse were surveyed ( Figure 3 ) over which 26 active, four possibly active and five abandoned beaver lodges were observed. The steam network data layer was modified to include the missing outlet of Munroe Lake into Fisher Lake, located by Global Positioning System (GPS) during fieldwork. Field observations indicated that streams down to a width of approximately 50 cm were usually recorded in the stream network data layer. The horizontal resolution and accuracy of the base layer for both the Nova Scotia Topographic Database (NSTD) and the Forest Inventory Database (FID) is reported as 1.0 m and 2.5 to 3.5 m respectively, and the vertical resolution and accuracy as 0.1 m and 2.5 m respectively (SNS&MR, 2009b) . Projection: UTM zone 20; Datum: NAD83; Scale: 1:10 000.
Among the four wetland categories described in the FID, field observations confirmed that "general wetlands" were the most inundated and consisted of aquatic plants whereas "bogs" were mainly ericaceous plants and mosses with more trees in the case of "treed bogs". The mapped "beaver flowage" visited was a partially inundated area with abundant grasses and thus this class is considered in this study as equivalent to "general wetlands". The location and extent of these four wetland categories corresponded well with field observations along shorelines.
In terms of land cover and use, the polygons of the FID are classified as forest or non-forest categories. For the forest categories, data on tree cover (e.g. natural stand versus plantation or clear-cut) are provided along with information on the species composition and the timber land capability (m 3 ha -1 yr -1 ) for each polygon. Besides open water bodies and wetlands, the non-forest categories include rock barrens, agricultural lands, urban areas, and road corridors. The GIS data layers were imported and processed in ArcGIS 9.1 software (ArcEditor license, ESRI, Redlands, California).
The Models
Riparian Ecotone Model
The riparian buffer delineation proposed in Section 2 was applied to the UMR using the following steps:
(1) Delineate the water core as comprising all open waters and adjacent "general wetlands", "beaver flowage", "bogs" and "treed bogs"; (2) Apply a 50-m buffer measured from the edge of this water core; (3) Apply this buffer to the entirety of the water core regardless of land use (i.e. not only forestry); (4) Assume that the vegetation is left intact, i.e. that there is no timber or other resource extraction allowed in the buffer.
This delineation is called the Riparian Area (RA) model and compared to a) the present Nova Scotia regulations (NS model) and b) the practices implemented by BMPC when it managed the land (BM model).
NS Model
The only wetland included in the Nova Scotia regulations, "marsh", is defined as "an area of permanent standing or slow moving water that is vegetated in whole or in part with aquatic or hydrophytic plants" (GNS, 2003) .
Therefore the treed and open bogs categories have not been included in the water core of the NS model because they do not match this description.
The 20-m riparian buffer width prescribed by the Nova Scotia regulations must be modified by slope as follows: "Where the land […] has an average slope within 20 m of a watercourse boundary of greater than 20%, the forestry operator shall increase the width of the special management zone by 1 m for each additional 2% of slope to a maximum of 60 m in width", GNS, 2003) . To estimate how shoreline slope affects buffer width in the UMR watershed, a digital elevation model (DEM) was derived from the elevation contours layer (Table 2) using the "topo to raster" tool in ArcGIS. The lake polygon outlines were converted to lines and used as extra contour lines with the aim of obtaining the most accurate elevation model in the riparian area, including islands. The stream network was also used to constrain the DEM. From this DEM raster (5-m pixel size), slopes were calculated with the "slope" tool of ArcGIS, and the "contour" tool was then used to delineate areas above 20% slope. The result is that less than 1.2% of the 20-m buffer area has slopes above 20%, indicating that, according to the Nova Scotia regulations, the riparian buffer will rarely be wider than 20 m in the UMR watershed. Therefore, the NS model assumes a constant 20-m buffer width applied only to land categorized as "forest" in the FID.
BM Model
In the case of the BM model, treed bogs are not included in the water core as it is the only type of wetland where BMPC did not leave a buffer (Allan Smith, personal communication).
The BMPC exceeded the Nova Scotia regulations by not harvesting at all within a 20-m buffer and by leaving an unharvested 30-m buffer wherever more than 50% of the merchantable timber volume was being removed in the adjacent cut block (Allan Smith, personal communication). Accordingly, The BM model assumes an unharvested 30-m buffer throughout and will therefore represent an upper estimate of the merchantable volume sequestered in the riparian buffer.
As far as slope is concerned, BMPC practices followed the Nova Scotia regulations, but where it left a 30-m buffer, it was only slopes above 40% that would require a wider buffer. Slopes in excess of 40% were not found in riparian areas on company lands in the UMR watershed (Allan Smith, personal communication) . Therefore the BM model applies a 30-m buffer to all forest lands in the study area (regardless of ownership). Note that all buffer widths in this paper refer to horizontal distances as mapped in the digital data layers, not ground slope distances.
Spatial Aanalysis
The water core was extracted from the FID by selecting all the aquatic classes considered by the model (no treed bogs in the BM model or any bogs in the NS model) that intersect the stream network. This selected the "open water" classes and the wetlands directly adjacent to the stream network. To this initial core were added the wetlands that touch it, and the procedure was repeated until no more bog or wetland was added to the core (Figure 4 ; three iterations at most were necessary).
A buffer of appropriate width was then added to the final water core, and this polygon was merged with the stream network, buffered by the same width (the stream network was transformed from a line to a polygon feature during the "buffer" operation in ArcGIS). This last operation added the buffer of narrow streams that are not bordered by wetlands and eliminated any buffer area overlaps (Figure 4 ).
The final buffer strip (buffered polygon minus water core) was used to clip the land cover data layer and obtain the forest and non-forest attributes of the land in the buffer, such as the annual timber land capability. This procedure was repeated for each model and also for the water core of each model using a 50-m buffer, to estimate the influence of water core definition versus buffer width on the results.
The water core area for each of the three models is probably slightly underestimated because:
•
The aerial photos on which the data are based were not taken exactly at the time of the highest possible water level.
• Although aerial photos are taken in the spring when deciduous trees are still leafless, some small streams may not be recorded in the stream network layer because they are obscured by tree cover.
• The streams less than 10 m have no width. Consequently, the buffer along the sections not bordered by wetlands is applied from the centre of the stream rather than its edge, and the buffer width may be underestimated by 5 m on either side at most. The 50-m-wide riparian buffer (RA model) is shown surrounding the watercourse and all wetlands adjacent to it (water core); see Figure 3 for the location of the area depicted.
To estimate the accuracy of the results, the maximum horizontal position error of 3.5 m (SNS&MR, 2009b) was applied to the water core extent of each model by shrinking or expanding its perimeter by a 3.5 m strip. Moreover, to estimate the maximum possible water core, the streams not bordered by wetlands (represented by a line rather than a polygon) were all assumed to have the maximum width of 10 m (SNS&MR, 2008) . The buffer area delineation method was repeated for each of the minimum and maximum water cores to estimate the uncertainty of the buffer area calculation. These calculations show that although the widening or narrowing of the water core causes its area to increase by 11% or decrease by 6% respectively, the lateral shift in buffer location results in less than ±2% variation in buffer area (see error bars in Figure 5 ). For the timber land capability, the range of values represented by one class (±0.5 m 3 ha -1 yr -1 ) was used in addition to buffer area uncertainty to estimate error. The timber land capability calculations are within ±12%.
Results
The UMR watershed upstream of the KNP boundary covers almost 295 km 2 , 86% of which is forest land, 13% is covered by open water or wetlands, and the remaining 1% is mostly residential properties, agricultural land, and roads. The water core for the NS model has an area of 27 km 2 , whereas including adjacent open bogs (BM model) adds 2 km 2 and the further inclusion of adjacent treed bogs (RA model) adds another 6 km 2 (Figure 5a ). The buffer area for each model represents 5% (NS), 8% (BM) and 15% (RA) of the terrestrial area (257 km 2 , no open water or wetlands) of the watershed. To estimate how much the difference in water core definition affects the buffer area, an identical (50 m) buffer was applied to each water core (Figure 5b ). The results show that the 50-m buffer areas in forest land differ by approximately the same proportion as their water core areas. Therefore, the differences in buffer area among the three models (Figure 5c ) are mostly due to the difference in buffer widths rather than water core size differences and, in the case of the RA model, to the fact that the buffer applies to all lands, not only forest.
The annual softwood capability (the hardwood capability estimated in the FID is negligible) in the 30-m riparian buffer left unharvested by BMPC is on the order of 9800 m 3 yr -1 whereas a 50-m-wide unharvested riparian buffer (RA model) has a capability of 18 000 m 3 yr -1 (Figure 5d ). In other words, 8% and 14% of the total timber-growing capability of the watershed (~125 700 m 3 yr -1 ) are located in the 30-m and 50-m buffers respectively. The lower value for the BM model is not only due to a narrower buffer strip but to the fact that a larger proportion of the buffer is composed of treed bogs rather than productive forest because treed bogs are not included in the water core, and thus contribute to the buffer area of the stream, lake or wetland they border.
In the case of the NS model, the 20-m buffer represents a softwood capability of 6100 m 3 yr -1 (5% of the total watershed capability). However, only a fraction of it is available for harvest because the regulations only allow harvesting down to a remaining basal area of 20 m 2 ha -1 (GNS, 2003) . Merchantable basal area (trees above 9 cm in diameter at breast height) surveys in mature, productive stands adjacent to watercourses (provided by Allan Smith, BMPC) indicated that 42% of the area of stands surveyed had basal areas less than or equal to 20 m 2 ha -1 . In the remaining 58%, the average harvestable softwood basal area (basal area above the quantity of softwood that, along with all other species, amounted to 20 m 2 ha -1 ) was 40% of the total softwood basal area. By applying this proportion to the capability of the stands and extrapolating to the whole watershed, only 23% of the softwood capability in the 20-m buffer can be harvested (1400 m 3 yr -1 ) and 4% (4700 m 3 yr -1 , Figure 5d ) of the total softwood capability of the watershed is excluded from harvest by the Nova Scotia regulations.
In summary, compared to the Nova Scotia regulations, the BM model reduces the harvestable softwood capability of the watershed by 4% (5100 m 3 yr -1 ), and the RA model by 11% (13, 300 m 3 yr -1 ).
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Discussion
A 50-m no-harvest buffer results in a drop of 7% in total harvestable capability of the UMR watershed compared to BMPC practices. Although this loss in resource and revenue is not trivial for the forest-products industry, it may be an acceptable trade-off for a 90% increase in buffer surface area in forested lands and concurrent safeguard of riparian functions. The value of freshwater ecosystems' goods and services is considerable (e.g. potable water, fishing, flood control, aquifer replenishment; Costanza et al., 1997) and the maintenance of riparian services will help fulfil the sustainability goals of the Southwest Nova Biosphere Reserve. For example, water quality is essential in a watershed where the majority of residents rely on wells for potable water and pristine riparian areas are valued where outdoor activities such as fishing and canoeing are important drivers for the local tourism industry.
In terms of resources and land use, the definition of the water core is not costly: wetlands do not support much economically valuable timber (even treed bogs are listed as having stunted hardwood and softwood species) and cannot support heavy machinery. Similarly, these wetlands have little agricultural value and are definitely not adequate as residential areas due to poorly drained soils and frequent floods.
Mapping riparian buffers is valuable for assessment and planning purposes. The method used here to identify the water core is based on geomorphology and requires only basic data readily available (at least in North America) such as hydrography (streams, lakes and wetlands) and elevation data. However, it is important that the hydrography data layers be a reasonably complete representation of the high water mark and wetlands. If data (e.g. aerial photos) have not been collected during the wettest season or if the scale is too small to show small streams, geomorphology and topography must be relied upon more heavily to delineate the water core. In a study similar to ours, Holmes and Goebel (2011) delineated manually "the likely extent of the functional riparian areas" on the basis of topography. They then added a tree-height width to this area. It should be noted that they call their method a functional buffer delineation rather than fixed-width buffer because their point of reference is not the high water mark. This illustrates the fact that the controversy between fixed and variable width buffers is often only a consequence of differences in the definition of the land-water boundary.
It should be kept in mind that digital maps are not necessarily an accurate and complete representation of the landscape. Therefore, ultimate delineation of the water core and the riparian buffer should be done on the ground, and this is why a simple method, requiring only linear measurements and direct high-water-level observations, is valuable. Slope measurements will be necessary to match on-the-ground delineation with maps only in the case of steep slopes (for example, there is a 10% difference between horizontal and slope lengths for a slope of 45%).
Implications for Watershed Management
The holistic approach of implementing a buffer that encompasses the majority of the riparian area supports the concept of a single-width buffer because it recognises the multiplicity of functions (Luke et al., 2007) of any portion of the riparian area and thus the multi-purpose (Buttle, 2002 ) nature of the buffer. As biodiversity in riparian areas is due in part to "ecological diversity" (Naiman et al., 1993) -the variety of patches of different habitats further modulated by seasons and disturbances -all reaches of a watercourse deserve an equal level of protection and will enhance resiliency of the aquatic and riparian ecosystems. If sufficiently wide (i.e on the order of 50 m as suggested by published studies), a single-width buffer is not an over-simplification of the riparian area, but is consistent with a precautionary approach of preserving the entire riparian community, not only a single species or site-specific ecosystem function. As such, the proposed riparian buffer delineation is relevant in a wide range of ecological settings, and thus geographic locations.
The advantage of the proposed riparian buffer delineation is that its implementation does not require advanced training or site-specific surveys and thus can be applied with little investment of time and money by everyone, from the forestry professional and the natural resources manager to the local resident or woodlot owner. This delineation is easily mapped using GIS for land-use planning and management purposes, although it is indispensable to ground truth the resulting buffer. Yet, for land owners who do not have access to these mapping tools, or when the data are inadequate, local knowledge of high water level and straightforward measurement of the 50-m distance is all that is required to apply a riparian buffer which is a fairly good approximation of the riparian area. This simple yet ecologically sound riparian buffer delineation can compensate for what it lacks in accuracy and complexity by virtue of its capacity for rapid implementation, thus avoiding the phenomenon of "paralysis by over-analysis" (Roberge & Angelstam, 2004) .
We recognize that this review relies more heavily on studies of headwater streams in forested areas of the Pacific Northwest and Eastern Seaboard of North America. Besides the fact that this emphasis reflects that of the published literature, it is in these areas that the most pristine conditions can be found to study natural riparian www.ccsenet.org/jsd Journal of Sustainable Development Vol. 6, No. 12; areas. Yet, the riparian functions and attributes reviewed are fundamental and can be expected to apply to various types of streams and ecosystems. For example, a distinctive feature of higher order lowland rivers is their associated floodplains, where sediment and vegetation composition and structure are determined by disturbances such as regular flooding and channel migration (Naiman, Bilby, & Bisson, 2000; Luke et al., 2007; Naiman et al., 2008; Merritt et al., 2009) . Our definition of the water core (extent at high water mark) automatically includes, and thus maintains, the floodplain. The riparian buffer will preserve the adjoining slope and terrace, which contribute significantly to riparian plant diversity (Goebel, Palik, & Pregitzer, 2003) . Because the riparian functions listed in Table 1 are independent of water-core size, the 50-m buffer will be as effective in providing ecological services and supporting biodiversity in a lowland river as in an upland stream.
Our review may be biased toward forested regions, but many non-forested riparian areas are so only because of human alteration. In these cases, riparian area restoration, including planting of trees native to the region, is necessary to achieve an effective riparian buffer (Correll, 2005; Lake, Bond, & Reich, 2007) . In ecoregions such as prairies or semi-deserts, trees grow almost exclusively along watercourses (e.g. cottonwood: Populus fremontii, bur oak: Quercus macrocarpa, honey locust: Gleditsia triacanthos). Therefore, tree-related riparian functions (Table 1) are still relevant in watercourses of these non-forested ecoregions.
For riparian buffers to be truly effective, consistent regulations have to be applied throughout the watershed, regardless of land use (forestry, agriculture, urban), ownership (public or private), or administrative boundaries (McComb, 2008) . Implementing a continuous buffer throughout a watershed can be challenging and time-consuming, and a simple delineation method can only help in this respect. A continuous buffer can be achieved only incrementally, and the task can be divided into meaningful segments by splitting the watershed into sub-watersheds upstream of points of confluence, such as the case study site, which comprises all the tributaries of the Mersey River upstream from Kejimkujik Lake. As most passive movements of organisms and materials are in the downstream direction, each individual sub-watershed is self-contained and relatively independent of the remainder of the watershed (Lowe & Likens, 2005) , except for active movements in the upstream direction (e.g. swimmers). Therefore, riparian protection of these sub-watersheds is a necessary step toward integrated management of the whole river basin and an expedient way to progress in that direction. But ultimately, downstream reaches must be protected or restored as well to allow movements in the upstream direction, most notably anadromous fish migrations. This proves more difficult as human activities are often concentrated along river mouths and estuaries. On the other hand, implementing the proposed water core and riparian buffer delineation would help decrease flood damage to property by excluding development in the most flood-prone areas of river valleys.
It should be noted that the water core does not include the area flooded during exceptionally high water (e.g. 50-or 100-year flood). Therefore, at least part of the riparian area (or more in the case of low-relief terrain) will be occasionally flooded, an infrequent disturbance that is integral to riparian ecology . Moreover, watercourses are evolving constantly, reshaped by erosion, sedimentation, and the activities of large animals such as beavers, and it is inevitable that delineation of the water core and the riparian buffer may have to be readjusted with time, particularly in the more dynamic reaches, regardless of the method by which the riparian area is defined.
Although it is demonstrated that riparian buffers are essential for maintaining the ecological health of watercourses, they are linear reserves where edge effects dominate (Hannon et al., 2002; Mascarúa López, Harper, & Drapeau, 2006) . As such, the efficacy of a 50-m reserve can be undermined by its vulnerability to invasion by exotic species (Hood & Naiman, 2000; , by wind-throws along clear-cut edges (Reid & Hilton, 1998; Ruel, Pin, & Cooper, 2001) , and by erosion in the case of buffers on steep slopes. Multiple-zone buffers (Semlitsch & Bodie, 2003; Correll, 2005) or a progressive "gradient of impact" increasing away from the water's edge (Reid & Hilton, 1998; Crow et al., 2000; Palik et al., 2000) have been proposed to alleviate edge effects. In the case of forested landscapes such as the UMR watershed, mitigation of edge effects on the riparian buffer could be achieved by a transition zone of partial harvest separating any clearcut from the 50-m no-harvest buffer.
Aquatic and riparian area health is predicated on the maintenance of hydrologic connectivity (Pringle, 2001; Décamps, 2011) and natural water discharge fluctuations in magnitude, frequency, duration and timing (Naiman et al., 2008) . Therefore, dams and flow control structures are detrimental to the watercourse and riparian area regardless of buffer width and level of protection. Such structures should be removed or modified and operated to maintain minimum levels of water, natural flow fluctuations and passage for migrating species (e.g. salmon).
In the case of the Mersey River, six hydroelectric dams downstream from KNP (McKendry, 2008) are likely to affect the species and genetic make-up of aquatic life in the park and the UMR by hampering migrations.
www.ccsenet.org/jsd Journal of Sustainable Development Vol. 6, No. 12; At the landscape scale, the watercourse is the focal point of the watershed and integrates the effect of all natural processes and land-use activities in this watershed in both space (Stein & Ambrose, 2001; Naiman et al., 2002) and time (Zhang, Richardson, & Pinto, 2009) . Although difficult to quantify, relationships between intensity of land uses and stream condition indicators (e.g. hydrologic regime, channel characteristics, and fish or invertebrate community health and composition) suggest that signs of stream degradation become detectable when forest harvesting covers more than 20% of the watershed (Buttle, 2011) , agriculture more than 50% (Gergel, Turner, Miller, Melack, & Stanley, 2002) , or urban areas (impervious surfaces, highways) more than 10% (Paul & Meyer, 2001; Wheeler et al., 2005) . The surrounding landscape matrix will affect riparian-area biodiversity even with the implementation of a buffer (Rodewald & Bakermans, 2006; Ficetola, Padoa-Schioppa, & De Bernardi, 2009 ).
The examples above are evidence that the watercourse is intimately linked to the whole watershed, particularly through underground water flow (Neary et al., 2009) . In this context, the buffer delineation method proposed in this paper focuses on surface flow and on "adjacent" wetlands for simplicity. However, it is recognized that "disconnected" open waters or wetlands have ecological and conservation value and can be connected to the watercourse through subsurface flow (Semlitsch & Bodie, 1998; Meyer et al., 2007a) . The implication is that a riparian buffer cannot by itself mitigate all land-use impacts on the watercourse and that sound management practices have to be applied throughout the watershed (Shandas & Alberti, 2009; Zhang et al., 2009; Buttle, 2011) .
In land-use planning, riparian-area protection is an effective way to protect a disproportionably large amount of biodiversity but it is not sufficient by itself. A 50-m buffer alone cannot provide the requirements of forest interior species or the functions of large blocks of old-growth forest (Hannon et al., 2002; Potvin & Bertrand, 2004; Mascarúa López et al., 2006) . Connecting intact upland forest patches with the riparian area is necessary for riparian obligate species depending also on uplands for their life cycle, i.e. some amphibian species and moose (Olson et al., 2007; Stoffyn-Egli & Willison, 2011) . Effective connection between watersheds is of particular importance to facilitate dispersal of riparian obligates. Therefore, priority should be given to leaving terrestrial corridors between the headwater tributaries of adjacent watersheds, where gaps are smallest (Olson & Burnett, 2009 ). In the case of the UMR, many such watershed links would be less than 1 km long, sometimes as short as 300-400 m. On the other hand, riparian buffers not only facilitate movement of riparian wildlife, they also serve as movement corridors for upland species (NRC, 2002; Anthony et al., 2003; Gillies & St. Clair, 2008) , provided they are connected to upland habitat. As such, the riparian buffer is an essential component of habitat conservation and connectivity planning at the landscape level. 
